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SUMMARY
This study examined the route of infection by free-swimming larvae of 2 monocotylid monogeneans that inhabit the gills
(Neoheterocotyle rhinobatidis) and the nasal tissue (Merizocotyle icopae) of the shovelnose ray,Rhinobatos typus, fromHeron
Island on the Great Barrier Reef, Australia. Larvae of N. rhinobatidis andM. icopae attached directly to the gills and the
nasal tissue of the ray, respectively, and did not ﬁrst settle on the skin. Initial development of the post-oncomiracidium of
N. rhinobatidis was rapid and hamuli formed between 6 and 24 h p.i. at a mean temperature of 26 xC. However, growth
then slowed markedly and was variable; only 2 fully mature individuals were found 20 days p.i. at a mean temperature of
24.5 xC. Development of M. icopae was slow and variable throughout ; hamuli did not appear until 10 days p.i. and no
mature individuals were obtained even 22 days p.i. at a mean temperature of 24.5 xC. No character could be found as an
indicator of parasite age for N. rhinobatidis orM. icopae due to the high variability in development in both species.
Key words: Monogenea, Monocotylidae, host invasion, larvae, site-speciﬁcity, development, elasmobranch.
INTRODUCTION
Monogenean (platyhelminth) parasites have a single-
host life-cycle. The Monogenea are among the most
host-speciﬁc of parasitic organisms (Rohde, 1978).
The usually ciliated free-swimming larva is respon-
sible for locating and attaching to its host. It is well
documented that monogenean eggs may hatch in
response to various cues such as light, mechanical
disturbance or host secretions to enhance chances of
the larva locating its speciﬁc host (see Whittington,
Chisholm & Rohde, 2000). However, charting the
actual route that the monogenean larva follows from
ﬁrst encounter with the host to the ﬁnal attachment
site has received far less attention. One of the more
extreme invasion routes is that of the polystomatid
Pseudodiplorchis americanus, which, after attaching
to the skin of its amphibian host, undergoes a com-
plex migration via the nostrils, lungs and intestine to
its ﬁnal site, the urinary bladder (Tinsley & Earle,
1983; Tinsley & Jackson, 1986). To date, all studies
on host invasion by monopisthocotylean mono-
geneans have demonstrated that, regardless of the
ﬁnal site of attachment of the adult parasite, the ﬁrst
point of contact for the larva is the body surface of
the host. For example, the larvae of Urocleidus ad-
spectus (Dactylogyridae) attach to the skin of their
teleost host and then migrate to their ﬁnal attach-
ment site, the gills (Cone & Burt, 1981) and the lar-
vae of Entobdella soleae (Capsalidae) migrate from
the upper to the lower surface of their teleost ﬂatﬁsh
host (Kearn, 1984). Whittington & Ernst (2002)
demonstrated that larvae of the ‘skin’ parasite Ben-
edenia lutjani (Capsalidae) initially attach anywhere
on the body surface of their teleost host, but then
migrate to the branchiostegal membranes via the
pelvic ﬁns.
Host invasion routes have not been determined
for monogeneans from elasmobranchs. Kearn (1987)
tried to determine, but could not resolve, how the
monocotylid Calicotyle kroyeri reached its deﬁnitive
site, the cloaca, in rajids. It has been assumed that
monopisthocotylean monogeneans from elasmo-
branchs will ﬁrst attach to the body surface and then
migrate to their ﬁnal microhabitat like their coun-
terparts on teleosts, but this assumption has not been
tested experimentally. The giant shovelnose ray
Rhinobatos typus and its monogenean community
provides an excellent host–parasite model to inves-
tigate these questions because the rays keep well in
captivity and we know much about the biology of
the larval and adult monogeneans that infect them
(e.g. Chisholm & Whittington, 1996, 1997, 1998,
1999, 2000). This study uses experimental infection
* Corresponding author: Environmental Biology, The
University of Adelaide, North Terrace, Adelaide, South
Australia 5005, Australia. Tel: +61 8 8207 7302. Fax:
+61 8 8207 7222. E-mail : leslie.chisholm@adelaide.
edu.au
561
Parasitology (2003), 127, 561–570. f 2003 Cambridge University Press
DOI: 10.1017/S0031182003004062 Printed in the United Kingdom
Downloaded: 17 Jul 2008journals.cambridge.org
methods similar to those developed by Whittington
& Ernst (2002) to elucidate and compare the route of
infection of 2 monocotylid species, the gill parasite,
Neoheterocotyle rhinobatidis, and the nasal parasite,
Merizocotyle icopae, on R. typus. Larval behaviour
and relationships between parasite age and develop-
ment are also discussed.
MATERIALS AND METHODS
Collection and maintenance of hosts
Infection experiments were carried out at the Heron
Island Research Station on the Great Barrier Reef
(23x27kS, 151x55kE), Queensland, Australia between
November 1998 and December 2001. Juvenile shov-
elnose rays, R. typus, between 40 and 60 cm long
were caught by seine net in Shark Bay or with hand
nets between the beach rock and the beach. Fish
were identiﬁed according to Last & Stevens (1994).
Rays were transferred to tanks (1.8r0.8r0.25 m;
5 rays per tank maximum) and supplied with a con-
tinuous ﬂow of fresh seawater. Two small pieces
of netting were placed in each tank to trap parasite
eggs and promote heavy parasite infections (see Ernst
& Whittington, 1996). At least 3 infected ‘seeding’
rays were always kept in each tank to maintain a
supply of adult parasites to lay eggs for experiments.
All rays were fed twice daily on chopped pilchard or
prawn. Some rays were kept in captivity for more
than 90 days.
Establishment of parasite-free hosts
Parasites were removed from wild rays by treating
them in two 40 h baths (48 h apart) in 5 mg/l prazi-
quantel in seawater, following the protocol of
Chisholm & Whittington (2002). After the second
treatment, rays were rinsed with fresh seawater and
transferred to a 200 l tank with a continuous ﬂow
of seawater for a minimum duration of 24 h before
their exposure to live larvae for infection exper-
iments. Hands and arms were washed and nets and
siphoning hoses were soaked in hot water before and
after introduction into tanks to prevent contami-
nation by eggs between treatments and during in-
fection experiments (see below). Dissections of 11
rays treated as described above were done to ensure
that all parasites from the gills and nasal tissues were
removed.
Host infection procedures
To minimize the number of ﬁsh required, heavily
infected rays from the ‘seeding’ tanks were used to
provide a ready supply of egg-laying parasites. The
rays were pithed and adult N. rhinobatidis and M.
icopae were removed from the gills and nasal tissue,
respectively, and placed in separate glass Petri dishes
to lay eggs. Eggs of each species were collected,
counted and kept in separate glass crystallizing
dishes following methods outlined by Chisholm
&Whittington (2000). They were incubated at 25 xC
in a 12 : 12 light/dark regime until hatching occurred.
Parasite-free rays were exposed to larvae during the
ﬁrst 2 h of the light period to ensure that larvae were
freshly hatched and active. Either 1 or 2 rays were
exposed to a single batch of larvae. A 50 l tank, ﬁlled
to 30 lwith fresh seawater, was used to expose a single
ray to larvae and a 100 l tank ﬁlled to 50 l was used
to expose 2 rays simultaneously. When hatching
had commenced, the continual ﬂow of seawater was
stopped and the dish of larvae was secured in a Per-
spex holder centred in the bottom of the tank hold-
ing the ray(s). The behaviour of the ray was recorded
at regular intervals during exposure and an airstone
was placed in the tank after the ﬁrst hour. The ray(s)
was/were left in the infection tank for 4 h (except in
the case of the 1 h p.i. experiments). After this time,
rays were transferred to a 200 l tank of fresh seawater
supplied with a continuous ﬂow of fresh seawater.
The egg dish was then resealed and the numbers of
hatched and unhatched eggs were counted. Exper-
imentally infected rays were transferred to a new
200 l tank every 3 days to prevent reinfection by lar-
vae that may have hatched from eggs laid by mature
parasites. The rays were also rinsed thoroughly be-
tween transfers to prevent the possible introduction
of eggs via the body surface.
Various infection experiments were carried out for
each parasite species. Rays infected with N. rhino-
batidis were examined 1, 6, 24 h, 10, 15 and 20 days
p.i. and rays infected with M. icopae were examined
1, 24 h, 10, 17 and 22 days p.i. Mean water tem-
peratures during these experiments were recorded.
Only a single post-larva of M. icopae was recovered
in the ﬁrst 1 h p.i. experiment. Therefore, we re-
peated this experiment using the following infection
protocol to ensure that a suﬃciently large number of
larvaewere available for infection.The ‘seeding’ rays
were removed from one of the large ‘seeding’ tanks
and the ﬂow-through seawater system was turned
oﬀ. A single parasite-free ray was infected by placing
it directly into the ‘seeding’ tank where infections
were established; the ray was put in the tank at
07.00 h, was left for 1 h and then dissected immedi-
ately. The 24 h p.i. M. icopae experiment was also
done using the ‘seeding’ tank method, but airstones
were introduced after the ﬁrst hour of exposure. The
ray was placed in the tank at 08.00 h, was left in the
‘seeding’ tank for 24 h and was dissected immedi-
ately on removal. This method could not be used for
N. rhinobatidis infections because N. rhinobatidis
post-larvae could not be distinguished from post-
larvae of N. rhynchobatis and Troglocephalus rhino-
batidis which also infect the gills of R. typus. The
morphology of the hooklets on the haptor readily
distinguishes M. icopae from the 3 gill species, even
at the larval stage.
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Recovery of parasites
At the completion of an infection experiment, the
ray was pithed and each gill arch and both nasal ro-
settes were quickly removed and placed in separate
dishes of ﬁltered seawater. The ray was then cut into
7 sections (Fig. 1) and each section was placed in a
separate container of fresh ﬁltered seawater. All tis-
sues (gills, nasal rosettes, external body surfaces,
mouth and cloaca) and their containers were ex-
amined carefully for live parasites using a dissecting
microscope and ﬁbre-optic light source. The exact
position of each monogenean found was noted before
the parasite was removed, ﬂattened under slight
cover-slip pressure and transferred to a vial of 10%
formalin for future processing. When the tissues had
been examined fully, they were then immersed in
separate dishes of 20 mg/l praziquantel in seawater
for 30 min. The tissue was shaken gently and the
contents of the dish were examined for any mono-
geneans that may have been overlooked.
Preserved monogeneans were stained with aceto-
carmine, dehydrated in an ethanol series, cleared in
cedarwood oil and mounted in Canada balsam. They
were examined using a Nikon compound photo-
microscope with Nomarski or phase-contrast optics
and their developmental characteristics including
the absence/presence of haptoral sclerites and loculi
and the form of the reproductive system were as-
sessed. Measurements (total length, width, sclerite
length, male copulatory organ and accessory piece
length) were made using a computerized digitizing
system similar to that described by Roﬀ & Hopcroft
(1986) and are presented in micrometres.
Larval behaviour and longevity
Responses of N. rhinobatidis andM. icopae larvae to
light, water currents and host tissues were investi-
gated. Ten larvae of each species were placed in sep-
arate small glass Petri dishes (45 mm diameter). In a
dark room, light from a focussed ﬁbre optic source
was shone on alternate sides of the small Petri dishes
and the behaviour of the larvae recorded. Water cur-
rents were created using a Pasteur pipette. Behav-
iour of larvae of both species when exposed to skin,
gill and nasal tissue andmucus from the body surface
was also noted. Swimming speeds for M. icopae lar-
vae were calculated and their response to light re-
corded at 0, 6, 9, 12 and 24 h post-hatch. Swimming
speed was determined by timing how long a larva
took to swim across a 40 mm diameter Petri dish
when light was shone on alternate sides of the dish;
average swimming speed was determined from 50
trials. The longevity for N. rhinobatidis larvae was
determined and swimming behaviour was recorded
at regular intervals during these experiments. Larvae
were considered dead if they remained unresponsive
when squirted with water from a Pasteur pipette and
touched by a ﬁne needle.
RESULTS
Neoheterocotyle rhinobatidis invasion, development
and microhabitat selection
Experimental details including mean incubation
temperature, numbers of larvae hatched and number
of specimens recovered after infection are presented
in Table 1. A summary of the presence of selected
morphological features is given in Table 2. Statisti-
cal analyses of worm distributions on the gills could
not be made due to the low numbers of parasites
recovered, but general observations could be made.
Careful inspection of all R. typus skin surfaces 1, 6
and 24 h p.i. revealed that the larvae attached to the
gills directly and there appears to be no skin phase.
Post-oncomiracidia were found on the free edge of
the gill ﬁlament (Fig. 2) within 1 h of exposure and
there was no apparent preference for the gills from
the left or right side of the ﬁsh or for any particular
gill arch. The ciliated cells had been shed but hamuli
were absent. Post-oncomiracidia had developed little
by 6 h p.i. and there was no indication of hamulus
formation. These specimens were also found on the
free edge of the gill ﬁlaments with no preference for
any particular gill arch. At 24 h p.i., hamuli, which
varied greatly in morphology (Fig. 3A–C), were
present in all specimens, loculi were beginning to
form on the ventral surface of the haptor and some
Fig. 1. Body sections of Rhinobatos typus examined
immediately under a dissecting microscope for
newly-settled Neoheterocotyle rhinobatidis orMerizocotyle
icopae larvae after 1, 6 and 24 h infection experiments.
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diﬀerentiation of cells in the region of the ejaculatory
bulb could be seen. Worms were randomly distrib-
uted generally on the free edge of the gill ﬁlaments ;
the largest specimen collected at 24 h p.i. was found
wedged between the secondary lamellae of a gill ﬁla-
ment approximately 1/4 of the distance between the
free edge of the gill ﬁlament and the septal canal (A
in Fig. 2). Only 7 worms were retrieved at 10 days
p.i. (Table 1); they were wedged between the sec-
ondary gill lamellae and located generally half-way
between the free edge of the gill ﬁlament and the
septal canal (B in Fig. 2). Five of the seven 10-day-
old specimens were found on gill arch number 4 from
the left side of the ﬁsh. The haptoral loculi were fully
formed and there was further diﬀerentiation of the
ejaculatory bulb, but the zig-zag sclerotized septal
ridge on the haptor, the dorsal haptoral accessory
spines and the male copulatory organ were absent
(Table 2). The majority of worms examined 15 days
p.i. had a heavily sclerotized zig-zag septal ridge and
dorsal accessory spines on the haptor. However, the
3 smallest 15-day-old specimens (155–198 mm body
length) only had a faint sclerotized septal ridge and
no dorsal haptoral accessory spines (Table 2). The
form of the male copulatory organ and the accessory
piece varied considerably between 15-day-old speci-
mens. The male copulatory organ was absent in the
3 smallest specimens and other worms of varying
body length (251–293 mm) had a lightly sclerotized
male copulatory organ without an accessory piece or
Table 2. Presence of morphological structures in Neoheterocotyle rhinobatidis examined from infection
experiments














piece Ovary Vitellarium Egg
1 h 4 0 0 0 0 0 0 0 0 0
6 h 12 0 0 0 0 0 0 0 0 0
24 h 12 12 8 0 0 0 0 0 0 0
10 days 4 4 4 0 0 0 0 0 0 0
15 days 11 11 11 11* 8 8 3 8 2 0
20 days 14 14 14 14# 14 14 2 11 2 1
* The septal ridge was only lightly sclerotised in 3 of the 11 specimens.
# The septal ridge was only lightly sclerotised in 7 of the 14 specimens.
Table 1. Infection experiments with Neoheterocotyle rhinobatidis and
Merizocotyle icopae detailing the number of parasites recovered
(Number of eggs hatched not determined in M. icopae experiments. All N.
rhinobatidis were found on gills and all M. icopae were found on nasal tissue.











N. rhinobatidis 1 h 27.5 850 250 14
6 h 26.5 958 192 31
24 h 25.0 268 117 18
10 days 24.0 200 67 7
15 days* 24.5 263 100 18
20 days* 24.5 263 100 15
M. icopae 1 h# 24.0 215 — 1
1 h 24.5 ?· — 15
24 h 25.0 ?· — 92
10 days# 24.0 215 — 117
17 days$ 24.5 475 — 28
22 days$ 24.5 475 — 31
* Rays from 15 and 20 dayN. rhinobatidis experiments exposed to larvae together
in same tank.
# Rays from this 1 h and 10 dayM. icopae experiment exposed to larvae together
in same tank.
$ Rays from 17 and 22 day M. icopae experiments exposed to larvae together in
same tank.
· Ray exposed to larvae in seeding tank thus number of eggs is unknown.
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an accessory piece that was only starting to form
(Table 2). Only two 15-day-old worms had what ap-
peared to be a fully formed male copulatory organ
and accessory piece. The smallest worms were found
1/4 of the distance between the free edge of the gill
ﬁlament and the septal canal (A in Fig. 2). As the
worms matured they appeared to migrate towards
the septal canal and alsomove proximally towards the
gill arch; the 3 largest worms were found very close
to the septal canal at the proximal end of the gill
ﬁlament (Fig. 2). All worms recovered 20 days p.i.
had a sclerotized zig-zag septal ridge, dorsal access-
ory spines on the haptor and amale copulatory organ,
but the state of development of all of these structures
also varied considerably (e.g. Figs 3D–G and 4A).
Only 2 of the 14 worms examined were mature and
one of these laid 2 eggs in vitro. Again the distri-
bution of the worms on the gills was highly variable.
Smaller worms were found near the free edge of the
gill ﬁlament and more developed worms were closer
to the septal canal at the proximal end of the gill ﬁla-
ment; the largest worm, which laid eggs, was found
in the septal canal close to the gill arch (C in Fig. 2).
Data above demonstrate that the development of
N. rhinobatidis is extremely variable (see Table 2)
and no character can be used as an accurate measure
of parasite age. For example, body length (at 24 h,
10, 15 and 20 days p.i.) and male copulatory organ
length (at 15 and 20 days p.i.) vary greatly between
and within the diﬀerent age cohorts (Figs 3D–G
and 4A).
Merizocotyle icopae invasion, development and
microhabitat selection
Data on infection experiments and number of worms
recovered are presented in Table 1. A summary of
the presence of selected morphological features is
detailed in Table 3. Statistical analyses of worm dis-
tributions on the nasal tissues could not be done due
to rapid mucus formation after the ray was killed,
which made determining the exact location of worm
attachment diﬃcult, but general observations could
be made. The terminology of the structures associ-
ated with the nasal rosette follows that reported by
Zeiske, Theisen & Gruber (1987). The nasal rosette,
which sits in the cartilaginous nasal capsule, is com-
posed of 2 rows of lamellae arising perpendicularly
from a central raphe. The lamellae are divided into
secondary folds. There are no folds where the la-
mellae attach to the capsule wall. This forms a region
between adjacent lamellae called the peripheral canal
(see Figs 4B and 5A in Zeiske et al. 1987).
Fig. 3. Variation in development of Neoheterocotyle
rhinobatidis recovered from gills during experimental
infections. (A–C) Hamulus of diﬀerent specimens 24 h p.i.
(D–G) Male copulatory organ of diﬀerent specimens 20
days p.i. Note presence of accessory piece (ap) which runs
from the proximal (p) to distal (d) end of the largest male
copulatory organ. Scale bars=20 mm. Photos taken using
phase-contrast microscopy.
Fig. 2. General distribution of Neoheterocotyle
rhinobatidis on Rhinobatos typus gills showing gill ﬁlament
(gf), secondary gill lamella (sgl) and septal canal (sc).
Larvae of N. rhinobatidis ﬁrst attach to the free edge of a
gill ﬁlament (1) and then begin to migrate (2) towards the
septal canal and the gill arch (ga) as they grow and mature.
A – 24 h p.i. and small 15-day-old worms. B – 10-day and
some 15- and 20-day-old worms. C – the largest 20-day-
old worm with egg. Note that distributions are generalized
and actual locations of speciﬁc worms varied slightly from
that shown.
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No larvae were found attached to skin surfaces 1 h
or 24 h p.i. ; they were randomly distributed near
the free edge of the nasal lamellae with their haptor
between the secondary folds. Development of most
structures in M. icopae is considerably slower than
in N. rhinobatidis (cf. Tables 3 and 2, respectively).
Hamuli were not evident in specimens of M. icopae
until at least 10 days p.i. Only 19 of 29 10-day-old
worms possessed very narrow hamuli that were pre-
sumably newly formed. At 10 days p.i., loculi were
observed in only 10 of 29 specimens and no repro-
ductive structures were observed (Table 3). These
worms were randomly distributed near the free edge
of the nasal lamellae. All worms collected 17 days p.i.
had loculi and hamuli (Table 3), but hamulus length
and morphology varied considerably (Fig. 5A–C)
and none was fully formed. While reproductive
structures appeared to be diﬀerentiating in worms
17 days p.i., only a single specimen possessed a
minute (34 mm long) male copulatory organ (Table
3). No distinct female reproductive structures were
evident. The smaller, less developed worms were
found near the free edge of the nasal lamellae while
the larger parasites were located closer to the per-
ipheral canal between adjacent lamellae. At 22 days
p.i., all 26 specimens examined had hamuli, loculi
and an ejaculatory bulb. Approximately 70% of the
specimens had a male copulatory organ (Table 3) at
various stages of development (Figs 4B and 5D, E)
Table 3. Presence of morphological structures inMerizocotyle icopae
examined from infection experiments






organ Ovary Vitellarium Egg
1 h 9 0 0 0 0 0 0
24 h 14 0 0 0 0 0 0
10 days 29 19 10 0 0 0 0
17 days 16 16 16 1 0 0 0
22 days 26 26 26 18 15 4* 0
* Only scattered single granules of vitellarium seen.
Fig. 4. Total length ($) and male copulatory organ length
(m) of worms examined from infection experiments. (A)
Neoheterocotyle rhinobatidis. (B)Merizocotyle icopae.
Those specimens/structures that could not be measured
accurately are not included.
Fig. 5. Variation in development ofMerizocotyle icopae
recovered from nasal tissue during experimental
infections. (A–C) Hamulus of diﬀerent specimens 17 days
p.i. (D and E) Male copulatory organ of diﬀerent
specimens 22 days p.i with proximal (p) and distal (d) ends
indicated. Scale bars=20 mm. Photos taken using
phase-contrast microscopy.
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and the beginnings of the female reproductive system
(i.e. ovary, oo¨type, vaginae) were seen in approxi-
mately 50% (Table 3). No specimens were fully
mature. Only very early signs of the vitellarium
(scattered single granules) were seen in 4 specimens
22 days p.i. ; none laid eggs and no eggs were ob-
served in the oo¨type of mounted worms (Table 3).
These 4 largest, most mature specimens were found
near the peripheral canal whereas the smaller worms
were distributed nearer to the free edge of the nasal
lamellae. Again, we found no character that pro-
vided a reliable indicator of parasite age because of
the variability of development within a single cohort
of parasites (Figs 4B and 5).
Larval behaviour and longevity
Larvae of N. rhinobatidis and M. icopae were pho-
topositive throughout the 24 h period following
hatching. Merizocotyle icopae larvae had an average
swimming speed of 4 mm/s during this ﬁrst 24 h
period of activity. Freshly hatched larvae of N. rhi-
nobatidis and M. icopae showed no response to cur-
rents generated by a pipette or to host skin, gill or
nasal tissue or to host skin mucus. Longevity of N.
rhinobatidis larvae was determined using 13 larvae.
All larvae were alive and active 24 h after hatching.
At 33 h after hatching, 11 larvae swam actively but
one was dead and the other lay at the bottom of the
dish. Beyond 33 h after hatching, the remaining
larvae became progressively less active, swam near
or settled on the bottom of the dish and began to die.
Four were still swimming slowly or resting close to
the bottom of the dish 55.5 h after hatching but all
were dead after 60 h. No hamuli were found in any
of the larvae even 60 h after hatching. None of the
larvae had shed their ciliated cells.
DISCUSSION
Most monogeneans are strictly host-speciﬁc
(Whittington et al. 2000) and initial location of their
appropriate ﬁsh host is an extraordinary task that a
monogenean larva must surmount in a short period
of time. Therefore, it is reasonable to assume that
when the larva ﬁnds its host ﬁsh, the ﬁrst priority is
to quickly attach to the body surface. Once on the
host, parasites generally migrate to another ‘pre-
ferred’ site (Sukhdeo & Sukhdeo, 2002). Indeed, the
few studies which have examined the route by which
monopisthocotylean monogeneans infect their ﬁsh
hosts conﬁrm that infection occurs in this way (e.g.
Cone & Burt, 1981; Kearn, 1984). Polystomes, in-
ternal polyopisthocotylean monogenean parasites of
anurans, also ﬁrst attach to the skin of their host and
then undergo a series of complex migrations (Euzet
& Combes, 1998). On the other hand, it has been
considered that larvae of polyopisthocotyleans that
live on ﬁsh gills attach to the gills directly with no
skin phase. This assumption is supported by ex-
periments on the infection route of Discocotyle
sagittata from the gills of trout (see Paling, 1969;
Gannicott & Tinsley, 1998) and by the study of
Bovet (1967) who watched the large larvae of Diplo-
zoon paradoxum invade and settle on the gills of their
teleost host. Recently, however, Chigasaki et al.
(2000) found that larvae of the gill dwelling poly-
opisthocotylean, Heterobothrium okamotoi, settle on
both the body surface and the gills and that the body
surface was the favoured ﬁrst point of attachment. It
seems, therefore, that the invasion route by larvae
cannot be generalized across the Monogenea.
Chisholm & Whittington (2000) demonstrated
that the monogeneans N. rhinobatidis from the gills
and M. icopae from the nasal tissue of the elasmo-
branch, R. typus, share a similar hatching strategy,
emerging mainly during the ﬁrst 2 h of light. They
postulated that the 2 species might therefore have
a similar infection route and that host skin would be
the ﬁrst point of attachment. However, our exper-
iments clearly demonstrate that neither species has
a skin phase or, if there is attachment to the skin, it is
remarkably short (see below). Larvae of N. rhino-
batidis infect the gills directly and the ﬁrst point of
attachment for M. icopae larvae is the nasal tissue.
After exposure for only 1 h, larvae of each species
were already found on their respective sites. If the
ﬁrst point of attachment was the body surface, it is
unlikely that all larvae would have migrated to the
gills or nasal tissue in such a short period of time.
This assumption is supported further by the fact
that we found no post-larval monogeneans on the
skin of the rays that we infected in the seeding tank
(for the 1 h and 24 h p.i. M. icopae experiments)
where large numbers of larvae of both species plus
larvae of the other gill monogeneans,N. rhynchobatis
and Troglocephalus rhinobatidis, had accumulated.
We dissected these rays immediately upon removal
from the tank during the ﬁrst 2 h of light when peak
hatching for all these species occurs (Chisholm &
Whittington, 2000). If larvae do attach initially to
the skin, we would have found them during these
experiments.
This is the ﬁrst time monopisthocotylean mono-
geneans from the gills and the nasal tissue have been
shown to attach to these sites directly. We cannot
determine whether the larvae actively seek out their
speciﬁc site on the host or whether they are drawn
into the gill and nasal areas passively with the in-
halant currents. Neither the path nor the strength
of water ﬂow over the gills or the nasal tissue for
R. typus or any other ray species has been docu-
mented. Ciliated larvae of N. rhinobatidis and M.
icopae showed no response to host skin, gill, nasal
tissue or mucus from the body surface in our behav-
iour experiments and therefore the cue(s) respon-
sible for host recognition is unknown. This is not
surprising because as Sukhdeo & Sukhdeo (2002)
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noted, despite considerable research over the past
50 years, speciﬁc signals that attract parasites to a
particular site on their host have yet to be isolated.
Bovet (1967) found that Diplozoon paradoxum larvae
stopped swimming when entering the gill ventilating
current and observed the larvae being drawn into the
gill chamber of the bream passively. We did not
observe such behaviour when we exposed larvae to
simulated inhalent water currents created by a Pas-
teur pipette. If larvae are drawn in passively, they
must be able to detect immediately if they are in the
appropriate habitat, because on no occasion did we
ﬁnd larval N. rhinobatidis on nasal tissue or larval
M. icopae on gill tissue.
Chisholm (1998) mapped the distribution of the
dorsal sensory sensilla for a number of monocotylid
larvae including N. rhinobatidis and M. icopae using
silver staining techniques. We have demonstrated
using scanning and transmission electronmicroscopy
of M. icopae larvae that these sensilla are uniciliate
and that most are lost approximately 24 h after in-
fection (Cribb et al. 2003). Loss of dorsal sensilla
upon attachment to the nasal rosettes of R. typus
suggests that the sensilla may provide sensory feed-
back during swimming or may be chemo- or mech-
anoreceptors responsible for host location and/or for
microhabitat recognition. However, because M.
icopae larvae did not appear to respond to currents
or to a diversity of host tissues, the cue(s) responsible
for host recognition remain a mystery.
At 1 h p.i., N. rhinobatidis were found without
their ciliated cells, attached to the free edge of the gill
ﬁlaments. As the parasites mature (i.e. 10 and 15 days
p.i.), theymigrate towards the septal canal and proxi-
mally towards the gill arch. The 2 mature 20-day-
old specimens were located close to the septal canal
near the gill arch. Kearn (1978) and Chisholm &
Whittington (1998) have documented the diﬀer-
ences in microhabitat selection on the gills by dif-
ferent stages of N. rhinobatidis. Two other species,
N. rhynchobatis and T. rhinobatidis, also inhabit the
gills of R. typus and studies are currently underway
by us to determine whether the migration of N.
rhinobatidis is inﬂuenced by the presence of other
species. We found a similar scenario of movements
for M. icopae where larvae attached initially to the
free edge of the nasal lamellae, but as the parasites
matured they moved towards the peripheral canals
between the nasal lamellae. The factors responsible
for this migration are unclear. No other monogenean
species has been reported from nasal tissue of R.
typus. The distribution of M. icopae may be related
to water currents over nasal tissue, but water ﬂow
has not been documented in R. typus.
We have demonstrated that once established on the
host, development ofN. rhinobatidis andM. icopae is
signiﬁcantly slower and extremely variable compared
to what has been determined for other monogenean
species at similar temperatures.Neobenedenia girellae
(Capsalidae) from the skin of the amberjack, Seriola
dumerili, took 10–11 days to reach sexual maturity at
25 xC (Bondad-Reantaso et al. 1995). The capsalid,
Benedenia lutjani, reached sexual maturity between
12 and 14 days p.i. at 24 xC and between 8 and 10
days p.i. at 27 xC (Whittington & Ernst, 2002).
Furthermore, the length of the anterior hamulus of
B. lutjani is an excellent index of parasite age
(Whittington & Ernst, 2002) as is the case for other
capsalids (Ogawa, 1984 for B. hoshinai ; Kearn, 1990
for E. soleae). Our work with the monogeneans of
R. typus was done at the same location and at similar
temperatures (24–27.5 xC) to those of Whittington
& Ernst (2002) on B. lutjani. Only 2 specimens of
N. rhinobatidis reached sexual maturity after 20 days
p.i. and after 22 days, no M. icopae were mature.
Therefore, time to maturity must be signiﬁcantly
longer for these monocotylid species than for the
capsalid species. Variability in development between
individuals of N. rhinobatidis within a single infec-
tion cohort was also remarkable. At 6 h p.i., there is
no discernible change in the size or development
of the post-oncomiracidia but, somewhere between 6
and 24 h p.i., the hamuli form rapidly and consider-
able variation in the size and morphology of hamuli
is already evident. This variability is magniﬁed later
and a few 15-day-old individuals still did not have
dorsal haptoral accessory spines or a male copulatory
organ. At 20 days p.i., all worms had a male copu-
latory organ but the length varied considerably. As a
result of this variability, we could ﬁnd no character
that could be used as an index of parasite age. Like
N. rhinobatidis, development of M. icopae was also
extremely variable within a single infection cohort
and no predictor of parasite age could be found.
Jackson & Tinsley (2001) demonstrated that a pri-
mary infection with the polystomatid Protopolystoma
xenopodis in Xenopus laevis resulted in prolonged
protective immunity against re-infection. It is poss-
ible that the slow and variable parasite development
observed here is a result of host ray immune re-
sponses because all rays used in our experimental
infections had previous exposure to monogeneans in
the wild. Little is known about immunity in elasmo-
branchs and there is no information about whether
an immune response may retard parasite develop-
ment on rays. However, Whittington & Ernst (2002)
used non-naı¨ve ﬁsh in their experimental infections
of the teleost Lutjanus carponotatus with B. lutjani
and, as discussed above, development within the B.
lutjani cohorts was markedly uniform.
There were also some signiﬁcant developmental
diﬀerences between the 2monocotylid species.While
developing loculi were evident in most N. rhino-
batidis 24 h p.i., loculi were still absent in about 50%
of theM. icopae specimens 10 days p.i. Hamuli were
present in only 19 of 29M. icopae 10 days p.i. unlike
N. rhinobatidis which all possessed hamuli 24 h p.i.
By 20 days p.i., all N. rhinobatidis possessed a male
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copulatory organ whereas at 22 days, only 70% of
M. icopae had a male copulatory organ. Slower water
ﬂow over the nasal rosettes, relative to the gills,
might explain the delayed formation (in comparison
to N. rhinobatidis at the same temperature) of hap-
toral structures such as hamuli and loculi in M.
icopae because the need for powerful attachment to
host nasal tissue would be reduced. But reasons for
the striking delays in the development of the repro-
ductive structures remain unclear.
We do not know how monogenean larvae locate
R. typus initally, but what we do know about their
biology suggests that chances of encounters with
their ray host are low. First, N. rhinobatidis and M.
icopae produce far fewer eggs in vitro than B. lutjani
(unpublished data) ; whether this is the case in vivo is
unknown. We determined that some N. rhinobatidis
larvae can live up to 55.5 h, but they are most active
during the ﬁrst 24 h after hatching; the larvae must
locate and attach to a shovelnose ray in this brief
period. At Heron Island, juvenileR. typus come in to
feed on the rising tide and congregate in Shark Bay
near the waters edge. They are often buried in the
sand and this would be a logical time for infection to
occur since a non-moving or slow-swimming ray
would be an easier target for a larva with an average
swimming speed of 4 mm/s. Despite numerous in-
vestigations, we have found no monogenean eggs
in the water or in sediments collected in these areas.
Neoheterocotyle rhinobatidis andM. icopae eggs hatch
mainly during the ﬁrst 2 h of light (Chisholm &
Whittington, 2000), but we do not know if this
relates to host behaviour. It is also possible that
rhythmical hatching is instead a response to selective
pressures related to predator avoidance (e.g. Shostak
& Esch, 1990).
The period of development for monogeneans from
the gills and nasal tissue and, moreover, for mono-
geneans from elasmobranchs in general, has not been
documented previously. We cannot, therefore, com-
ment whether the variability observed here is charac-
teristic of all monogeneans from the gills and nasal
tissues of ﬁsh or speciﬁcally of monogeneans from
elasmobranchs. Variable development may reﬂect a
fundamental strategy. From an evolutionary stand-
point, the adaptive value of variable development is
considerable in situations where the chances of free-
swimming larvae encountering their hosts are low. If
parasites from a single infection event develop at dif-
fering rates, this essentially lengthens the overall dur-
ation of infection. This subsequently increases the
amount of time eggs are deposited into the environ-
ment and may enhance chances for re-infection.
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